The seismicity observed in Fennoscandia is usually explained by tectonic stresses. The question of the contribution of stresses induced by glacial-isostatic adjustment to the seismicity has not nally been settled yet. In order to quantify the isostatic stress eld generated by the Fennoscandian glacial load, we consider layered Maxwell-viscoelastic half-spaces loaded by axisymmetric discs. In particular, we calculate the maximum shear-stress distribution induced by the load model and the associated stress regimes in the lithosphere. Emphasis is placed on a discussion of the sensitivity of the calculated isostatic stresses to variations in load cross-section, lithosphere thickness and asthenosphere viscosity. We also examine the e ects produced by the viscous relaxation of the lithosphere, whose viscosity is parameterized according to the strati cation expected for temperature-activated di usion creep.
Introduction
The existence of late-and post-glacial faults in northern Sweden has usually been related to the glacial-isostatic rebound accompanying and following the retreat of the last ice sheet in Fennoscandia (e.g. Lagerb ack, 1979; Muir Wood, 1989; Arvidsson, 1996) . A mechanical explanation of this relation was given by Johnston (1987 Johnston ( , 1989 , who showed how the strain energy stored in the lithosphere during the loading by continental ice sheets can be released after their disappearance. This explanation was con rmed in model calculations for the Canadian ice sheet by Wu and Hasegawa (1996a,b) , who demonstrated that the predicted time of fault instability coincides with the times of the late-and post-glacial faulting events in northern Canada. A similar result has recently been obtained for Fennoscandia by Johnston et al. (1998) .
In contrast to this is the present stress eld in Fennoscandia, which is dominated by the tectonic stresses propably in the range of 10{50 MPa, which are associated with the Mid-Atlantic rifting and the European-African plate collision (e.g. Stein et al., 1989; Gr unthal and Stromeyer, 1992; M uller et al.,1992) . As a consequence, most earthquakes in Fennoscandia with magnitudes up to 6 are related to tectonic structures along the Norwegian continental shelf and explained by ridge push (Bungum, 1989) . The earthquakes in the interior of the Fennoscandian Shield rarely exceed magnitude 4 and can be divided into two groups located in southwestern Sweden and northern Sweden, respectively (Slunga, 1989; Wahlstr om, 1989) . The spatial correlation of the group in northern Sweden with the centre of the last ice sheet suggests a connection with the loading e ects of the Fenoscandian glaciation.
However, the question of a causal relationship between the recent seismicity and the continuing glacial-isostatic adjustment in Fennoscandia has not nally been settled yet (Wahlstr om, 1993) . Thus, from an analysis of the present stress directions, Gregersen (1992) did not see any evidence for a connection of the present seismicity with post-glacial adjustment. On the other hand, M uller et al. (1992) pointed out that, compared to the other parts of Europe, a considerable scatter of the stress orientations exists in northern Europe. Similarly, Skordas and Kulh anek (1992) observed an increase of the seismic b-value (ratio between the numbers of low-and high-magnitude earthquakes) towards the centre of the nal Weichselian glaciation in Fennoscandia, which suggested to them a contribution to seismicity other than tectonic stresses in this area.
A corresponding discussion exists about the origin of the enhanced seismicity observed in parts of eastern Canada. In view of the larger thickness of the Canadian ice sheet, the contribution of the glacial-isostatic stresses was more important than in Fennoscandia at the end of the last glaciation. According to model calculations, their superposition with the tectonic stresses was able to change the orientation of the dominant horizontal stress component signi cantly at that time. At present, the isostatic stresses in eastern Canada are much smaller and largely masked by the tectonic stress eld (Wu, 1996 (Wu, , 1997 .
To assess the possible contribution of the glacial-isostatic adjustment to seismicity, it is necessary to consider the in uence of a time-dependent surface load on the stress eld in the lithosphere. In the rst approximation, its response can be described as the exure of a perfectly elastic plate superimposed on a uid substratum (e.g. Comer, 1983; Wolf, 1985a) . Then, the forces balancing the load pressure are the elastic bending forces of the plate and the gravitational buoyancy forces of the substratum. If the viscoelasticity of the substratum is taken into account, the response of the plate is modi ed and retarded, and the time needed to reach equilibrium depends on the viscosity of the layers and the details of their strati cation (e.g. Wolf, 1985b) .
For a standard earth model with a perfectly elastic lithosphere of 100 km in thickness overlying a viscoelastic mantle of 10 21 Pa s in viscosity (earth model E, Table 1 ), the response to glacial loading can be characterized as follows. Assuming a slow build-up of the ice sheet during 10 5 a { much longer than the relaxation times for the earth model (Fig. 1 ) { the lithosphere is in a state of maximum stress at the glacial maximum. However, at the end of the much faster deglaciation during 10 4 a, the lithosphere has not regained a stress-free state yet. This is because the relaxation times of the dominant relaxation mode M0 of the viscoelastic mantle are 5 10 3 a for the wave numbers of 10{20 relevant to the Canadian and Fennoscandian glaciations (Fig. 1) .
In more realistic models, the lithosphere is represented as a viscoelastic layer. Its replacement by a perfectly elastic layer of suitable thickness requires that the loading time is short compared to the relaxation times associated with the viscoelastic response of the lithosphere. This condition is approximately satis ed, if the response to a single glaciation with a duration of 10 5 a is considered. However, the northern hemisphere is known to have been subjected to a sequence of glaciations during the Pleistocene ice age (Shackleton et al., 1984) . Typically, it is assumed that ten glaciations with a duration of 10 5 a each represent this ice age such that its characteristic time is 10 6 a. This is no longer short compared to the relaxation times associated with the viscoelastic lithosphere, and its response to loading may therefore more appropriately be modelled using a series of viscoelastic layers.
In the present study, we investigate the perturbation of the tectonic stress eld in the lithosphere induced by the Pleistocene glaciations in Fennoscandia. Since our objective is not the accurate prediction of the isostatic stress eld but the identi cation of the parameters that in uence it, we may use simpli ed earth and load models. Beyond the scope of our study is also an assessment of the impact of our results on the question of the origin of the seismicity in Fennoscandia, which would require the superposition of the tectonic and isostatic stress elds and the analysis of the total stress eld in terms of a faulting criterion, such as Coulomb's criterion (Johnston,1989; Wu and Hasegawa, 1996a,b; Wu, 1997) or a criterion based on strain rates (James and Bent, 1994) .
The calculations to be presented are based on the theory developed for a Maxwellviscoelastic half-space subjected to an axisymmetric surface load (Sect. 2). We begin with a brief description of the spatial distribution and temporal evolution of the isostatic-stress in a perfectly elastic lithosphere (Sect. 3.1). Following this, we study the in uence of the load cross-section on the response (Sect. 3.2), look at the e ects produced by a change in lithosphere thickness (Sect. 3.3), and examine the modi cations due to the presence of a low-viscosity asthenosphere (Sect. 3.4). We continue by investigating the e ects on the isostatic stress eld (Sect. 4). The study concludes with a brief summary and discussion of the results obtained (Sect. 5).
Theoretical model
We consider the response of the Earth to a perturbing load pressure at its surface and model the Earth as an incompressible layered material half-space with constant properties in each layer. Assuming that the material is initially in a state of hydrostatic stress and subsequently undergoes quasi-static perturbations, the incremental momentum equation takes the form @ j ij + g (@ 3 u 3 ) i3 = 0 ;
(1) where ij is the material incremental stress, the mass density, g the initial gravity, u i the displacement and ij the Kronecker delta (for details see Wolf, 1991 where p is the material incremental pressure, t and t 0 are the current time and the excitation time, respectively, @ t 0 denotes di erentiation with respect to t 0 , and (t) = e e ? t (4) is the shear-relaxation function parameterized by the elastic shear modulus, e , and the Maxwell time, (e.g. Wolf, 1991) . The viscosity, is related to e and by = e .
The incremental eld equations, (1){(4), are solved using Laplace transformation with respect to t. In particular, this transformation converts the convolution integral (3) into a relation formally equivalent to Hooke's law with the e ective shear modulus given by (s)= e s=(s + ?1 ), where s is the inverse Laplace time. In the following, we will assume axisymmetric loads. Introducing cylindrical coordinates, (r; '; z), with r the radial distance, ' the azimuth and z the depth, the dependence on ' may be eliminated in this case. Hankel transformation with respect to r then yields a rst-order ordinary di erential system in the (k; z; s) domain with k the Hankel wave number, which is solved analytically for appropriate boundary, interface and regularity conditions. The solution in the (r; z; t) domain is obtained upon inverse
Hankel and Laplace transformations (Appendix; for details see Wolf, 1985b; Breuer and Wolf, 1995) .
As a measure of the stress eld in the (r; z; t) domain, we employ the maximum shear stress. It can be expressed in terms of the maximum and minimum principal stresses, 1 and 3 , respectively, as
The stress eld can also be characterized by distinguishing between the extension regime, the strike-slip regime and the thrust regime, depending on whether the minimum, intermediate or maximum principal stress, respectively, is closest to the vertical direction. We note again that the stress eld calculated in this study is always the isostatic stress eld. It therefore represents a perturbation of the tectonic stress eld, which is mainly in a state of thrust in Fennoscandia.
3 Computational results for elastic lithosphere
General features
We begin with an overview of the basic features of the isostatic stress eld in the lithosphere in response to the Fennoscandian glacial load. We use earth model E (Table 1 ) with a lithosphere thickness of h 1 =100 km. The glacial load is represented by a circular disc with elliptic cross-section, a radius of r L =900 km and an axial thickness of h L =2800 m (load model E, Table 2 ). The thickness is chosen to produce a maximum pressure of 25 MPa at the load axis. The loading history comprises a linear increase of the load thickness over a period of 90 ka and a linear decrease over a period of 10 ka. This is a simpli ed representation of the nal Weichselian glaciation in Fennoscandia, which ended 8 ka BP (before present) (e.g. Lundqvist, 1986) . The calculations apply to the following epochs: the last glacial maximum (LGM) at 18 ka BP, the end of deglaciation (EOD) at 8 ka BP and the present time (PT). Figure 2 shows the maximum shear stress and the stress regimes in the lithosphere for the three epochs. At the LGM, the stress eld is similar to that in a loaded elastic plate overlying a uid half-space (e.g. Stein et al., 1979) and therefore characterized by two maxima inside and two maxima outside the load margin. Their magnitudes are nearly equal and of the same order as the load pressure. The two maxima near the surface of the lithosphere are associated with thrust below the load and extension in its periphery. Near the base of the lithosphere, the signs are inverted. Here, the stress maximum below the load corresponds to extension and the stress maximum peripheral to the load to thrust.
During the relaxation, the position of the maxima remains nearly xed, whereas their magnitudes decrease. When the load pressure has vanished at the EOD, the values of the maximum shear stress are about half of those at the LGM. The shear stresses continue to relax after the EOD, but may still reach 2 MPa at the PT. Closer inspection of Fig. 2 shows that the surface of vanishing shear stress located at a depth of 50 km below the load at the LGM shifts downward during the relaxation. Simultaneously, the inner maxima, which extend towards the load axis at the LGM, become more localized, and the oscillatory pattern of the stress eld with a wavelength of 1000 km becomes visible more clearly. These features are a result of the viscoelastic redistribution of mantle material during the relaxation leading to shear stresses in the upper mantle that are coupled with the stress eld in the lithosphere.
In the following subsections, we will discuss the modi cations of these characteristics due to variations of load cross-section, changes of lithosphere thickness and e ects due to the presence of an asthenosphere.
In uence of load cross-section
Next, the in uence of the load cross-section on the isostatic stress eld is studied.
For this purpose, we consider loads with axial thicknesses of h L =2800 m, radii of r L =900 km and rectangular (load model R), elliptic (load model E) or parabolic (load model P) cross-sections (Table 2) , whose volumes are related as 3 to 2 to 1.5, respectively. The di erences between the cross-sections lead to di erent distributions of the load pressure. Thus, for the rectangular cross-section, the pressure changes discontinuously from 25 MPa to zero at the margin. The pressure for the elliptic cross-section decreases continuously towards zero at the margin, but has an in nite gradient at this point. In contrast to this is the parabolic cross-section, which has a nite pressure gradient also at the margin. The following calculations apply to earth model E (Table 1) with a lithosphere thickness of h 1 =100 km and to the LGM. Figure 3 shows the e ects produced by changes of the load cross-section on the maximum shear stress and the stress regimes. For load model R, the stress maxima are located close to the load margin and have magnitudes similar to the load pressure. For load models E and P, the inner maxima are broader and, in the latter case, extend to the load axis. The lateral extension of the outer maxima is nearly una ected by the changes in cross-section. However, for load models E and P, they are located closer to the load margin and their magnitudes are reduced.
A unique characteristic associated with load model R is a region of high shear stress located below the load margin at intermediate depths in the lithosphere. For a steep load margin, the maximum shear stress exhibits this feature also in an elastic half-space (Sneddon, 1951, p. 402 ) . As can be shown, the stress component rz reaches a magnitude comparable to those of the other components in this region, which causes the principal stress directions to di er markedly from the horizontal and vertical directions.
In uence of lithosphere thickness
To assess the in uence of the elastic lithosphere on the isostatic stress eld, we choose lithosphere thicknesses of h 1 =50 km, 100 km and 150 km (earth model E, Table 1 ). This is the range of thicknesses suggested for the Fennoscandian lithosphere by most interpretations of glacial-isostatic adjustment (for a review see Wolf, 1993) . The following calculations apply to load model E (Table 2 ) and the LGM. Figure 4 shows that changes in lithosphere thickness do not a ect the general pattern of the stress eld. However, if the lithosphere thickness increases, the magnitudes of the inner maxima also increase, whereas those of the outer maxima decrease. These modi cations are accompanied by a broadening of the maxima and their shifting away from the load margin, which, for a lithosphere thickness of 150 km, leads to a location of the inner maxima on the load axis (Fig. 4, bottom) . This behaviour is related to the extension of the bending of the thick lithosphere toward the load axis. For a smaller lithosphere thickness of 100 km, similar axial stress maxima have been found for load model P (Fig. 3, centre) . In this case, the axial maxima are related to the larger pressure gradient near the load axis for the parabolic cross-section as compared to the elliptic cross-section ( Table 2) .
The oscillatory pattern of the stress eld mentioned above is displayed most clearly by the stress regimes and shows that the wavelength of the oscillation increases with increasing lithosphere thickness. As a consequence, the stress regimes may change repeatedly between extension and thrust in the periphery of the load provided that the lithosphere is su ciently thin.
In uence of asthenosphere viscosity
Most studies of glacial-isostatic adjustment in Fennoscandia have suggested the presence of a low-viscosity asthenosphere below the lithosphere (e.g. Wolf, 1987; Fjeldskaar, 1994; Mitrovica, 1996) . To study the modi cations of the isostatic stress eld due to this feature, we consider earth model A, whose asthenosphere has a thickness of h 2 =100 km and a viscosity of 2 =1:0 10 19 Pa s (Table 1 ). The following calculations apply to load model E. Figure 5 shows the maximum shear stress and the stress regimes for the three epochs considered. A comparison with Fig. 2 reveals the similarity of the stress elds for earth models E and A at the LGM. This demonstrates that both earth models are nearly in equilibrium before the beginning of deglaciation. However, on account of the reduced viscosity below the lithosphere in earth model A, the relaxation proceeds faster than for earth model E, and the similarity of the stress elds disappears. At the PT, the stress values for earth model A barely reach 1 MPa. Most conspicuous after the LGM is the pronounced asymmetry of the relaxation between the upper and lower layers of the lithosphere in earth model A, which is indicated only slightly for earth model E over this period. Obviously, the short relaxation times associated with the low-viscosity asthenosphere preferentially a ect the depth range near the base of the lithosphere, where the stress relaxation is much more pronounced than near its top. At intermediate depths in the lithosphere, the stress values at the EOD may even be higher than at the LGM. Concomitant with these complications for earth model A is the modi cation of the stress regimes, where the regular change between extension and thrust evident at the LGM breaks down thereafter.
Computational results for viscoelastic lithosphere 4.1 Parameterization of viscosity
A simple non-elastic model of the lithosphere comprises a brittle upper layer, an elastic middle layer and a ductile lower layer (e.g. Kusznir, 1991) . To obtain a viscoelastic model, we disregard the brittle behaviour of the upper layer and include it in the elastic middle layer to form an elastic upper lithosphere. The ductile response of the lower lithosphere is represented by Maxwell-viscoelastic behaviour controlled by a temperature-activated di usion process. Then, the decrease of viscosity with depth follows from the temperature pro le, T(z), according to Arrhenius' law:
where the in uence of the pressure has been neglected. The parameter A is the activation energy of the di usion process divided by the general gas constant and 1 := (1). In the following calculations, we will use A=5:6 10 4 K and 1 = = 1:65 10 2 m 2 s ?1 , which are average values of the mantle (Schubert et al, 1980) . The top of the viscoelastic lower lithosphere is taken at a depth of 42 km. The temperature at this depth is assumed to be 873 K and increases downward with a gradient of 12 K km ?1 . This agrees with an intermediate temperature pro le proposed for the Fennoscandian lithosphere (Pasquale et al., 1991) . We furthermore assume that the thermally controlled lower lithosphere extends to a depth of 100 km corresponding to an isotherm of 1573 K. Below this depth, the thermal transport mechanism changes from conduction to convection. Therefore, the temperature remains constant in the rst approximation, and the viscosity is kept xed at 10 21 Pa s. For numerical convenience, the continuous viscosity variation in the lower lithosphere is approximated by three layers of constant viscosity, where the respective values are volume averages calculated from the viscosity pro le (Vermeersen and Sabadini, 1997) and viscosities greater than 10 25 Pa s are set to in nity (earth model V, Table 1 ). The following calculations apply to load model E and the three epochs considered.
One glaciation
We begin with the modi cations of the isostatic stress eld resulting from the viscoelasticity of the lithosphere for a single glaciation. Figure 6 shows that, at the LGM, the shear stresses have relaxed signi cantly in the basal lithosphere layer with a viscosity of 1:2 10 22 Pa s, whereas, in the superjacent layer with a viscosity of 2:6 10 23 Pa s, the relaxation is much reduced. The layer with a viscosity of 5:7 10 24 Pa s is not distinguished from the elastic top layer by visible discontinuities in the isobars and therefore behaves e ectively elastically for the single glaciation considered.
In accordance with this, the maximum shear-stress distribution in the upper lithosphere at the LGM is similar to that for earth model E (Fig. 2, top) . A notable di erence is that, for earth model V and below the load, the surface of vanishing maximum shear stress has moved upward by 10 km. After the LGM, the relative di erences between the shear stresses in the upper lithosphere increase and, for earth model V, a seperate stress maximum associated with extension develops at the surface around the load axis.
In general, the stress eld in the lower lithosphere of earth model V is quite complicated after the LGM. Compared to earth model E, higher shear stresses arise near 70 km depth and immediately above the base of the lithosphere at the PT. This can be explained by the fact that the viscoelastic lower lithosphere of earth model V responds e ectively elastically during the relatively short time elapsed since the LGM. The changes in the shear stress between the LGM and the PT are therefore very similar for earth models E and V, which results in a build-up of stresses in the lower lithosphere of earth model V.
Ten glaciations
Next, we discuss the modi cations of the isostatic stress eld in the viscoelastic lithosphere caused by assuming ten glaciations of the type speci ed above. Figure 7 shows that the stress relaxation has now penetrated also into the lithosphere layer with a viscosity of 5:7 10 24 Pa s. A comparison with Fig. 6 furthermore demonstrates that the stress relaxation in the layer with a viscosity of 2:6 10 23 Pa s has proceeded, whereas the stresses in the lowermost lithosphere layer are very similar after one and ten glaciations.
An inspection of the maximum shear-stress distribution and the stress regimes at the LGM in Fig. 6 and 7 reveals that the surface of vanishing shear stress has been shifted further upward by 5 km below the load after ten glaciations. The stress eld in the e ectively elastic part of the viscoelastic lithosphere therefore resembles that of an elastic lithosphere of less than 100 km in thickness.
After the LGM, the stress eld for earth model V and ten glaciations di ers markedly from that for earth model E (Fig. 2) . Whereas the latter features maximum shear stresses not exceeding 2 MPa near the surface and the base of the lithosphere at the PT, the former shows similar values near the surface, but may reach 4 MPa near 60 km depth and immediately above the base of the lithosphere. The stress maxima at intermediate depths occur in a depth range characterized by nearly vanishing shear stresses for earth model E. Thus, they constitute a pronounced modi cation of the stress eld caused by the nite viscosity of the lithosphere, although this modi cation may not be signi cant to the seismicity observed in Fennoscandia. The axial stress maximum at the PT associated with extension and indicated also for earth model V and one glaciation (Fig. 6) is even more pronounced for ten glaciations, and the stress values around the load axis are now comparable with those calculated for the two other maxima near the surface.
Concluding remarks
In the preceeding sections, we have studied the response of simple Maxwell-viscoelastic earth models to axisymmetric load models. Simulating the Fennoscandian ice sheet by discs of xed radius and time-dependent thickness, we have examined the sensitivity of the stress eld to changes in load cross-section or lithosphere thickness and investigated its modi cations caused by the presence of an asthenosphere or by the nite viscosity of the lithosphere. The main results are as follows.
(1) For earth model E with an elastic lithosphere, the isostatic stress eld is in equilibrium at the LGM. After this, the stresses generally become smaller in magnitude, but the patterns of the maximum shear stresses and the stress regimes are largely preserved.
(2) The discontinuous change in thickness for load model R produces an oscillatory stress pattern with decreasing amplitude away from the margin. The sloping crosssections of load models E and P generate nite pressure gradients below the load, which results in modi cations of the stress pattern in this region.
(3) An increase in lithosphere thickness results in a broadening of the stress maxima and their shifting away from the load margin. This is accompanied by an ampli cation of the magnitudes of the inner maxima and a reduction of those of the outer maxima.
(4) The presence of a low-viscosity asthenosphere in earth model A accelerates the stress relaxation in the lower lithosphere. In contrast to this are the intermediate depths in the lithosphere, where the stress magnitudes may temporarily increase. As a consequence, the regularity of the stress pattern is no longer preserved during the relaxation.
(5) The consideration of the nite lithosphere viscosity in earth model V mainly a ects the layers of reduced viscosity above the base of the lithosphere, where shear stresses are attenuated at the LGM but may temporarily increase thereafter. In the upper lithosphere, the stress eld at the LGM resembles that of an elastic lithosphere of reduced thickness. After the LGM, a further stress maximum associated with extension arises around the load axis.
(6) If the number of glaciations assumed increases from one to ten, the e ects resulting from the nite viscosity of the lithosphere generally become more pronounced.
In brief, we have shown that reasonable changes of the parameters studied may produce rather complex modi cations of the maximum shear-stress distribution and the stress regimes. In order to obtain reliable predictions of the glacially induced stress eld in Fennoscandia, realistic estimates of the controlling parameters are therefore mandatory. Despite of these complications, the majority of the earth and load models investigated return surface shear stresses with maxima of 2 MPa at the PT. Although this is smaller in magnitude than the values of 10{50 MPa proposed for the tectonic stresses, our results suggest the general importance of the isostatic stresses when discussing the origin of the seismicity observed in Fennoscandia. At the surface, the solution has to satisfy the incremental boundary conditions for frictionless loading: 
where z denotes the depth of the interface. In addition, the elds must remain regular for z !1. 
The incremental stress components r' and z' are zero for the axisymmetric boundary conditions chosen. The principal stresses, 1 , 2 and 3 , are obtained by transforming the stress tensor to its principal axes in the usual way. Isostatic stress eld in the lithosphere for the epochs considered. The calculations apply to earth model E with 100 km lithosphere thickness and to load model E. The black bars indicate the radial range of the load. In (a), the maximum shear stress is shown with numbers on contours denoting the stress values in MPa. In (b), the stress regimes are shown with the extension regime indicated by dark grey, the thrust regime by light grey and the strike-slip regime by white. 
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